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Abstract 
81% of all rhodium (Rh) is used in automobile catalytic converters. Consequently, 
researchers have dedicated a lot of effort into understanding the behavior of nonmetal 
oxides on a Rh surface. Using a computer simulation program, we have studied the 
absorption and oxidation of carbon monoxide (CO) on a terraced Rh surface (lattice) with 
a width of three and a height of 10000 using a mechanism that describes the behavior at 
low temperatures. Varying the reaction activation energies (rate constants), and the 
mobility of the CO, led to changes in the surface coverages of oxygen and CO. 
Specifically, increasing the activation energies generally led to increased CO saturation 
coverages, but the effect upon oxygen depended on other conditions. The distribution of 
the CO molecules bound to the surface seems to weakly depend upon the specific rate 
constants, the mobility, and the activation energies specified for the mechanism. These 
results have led to an improved understanding of how the results are influenced by the 
variables specified in the mechanism. 
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1. Introduction 
Unburned hydrocarbons and combustion by-products, such as carbon monoxide 
and nitrogen oxides, are major sources of air pollution in urban areas and it is essential to 
design efficient catalysts to remove these products from engine exhaust (Zhang, 2011). 
This is the purpose of catalytic converters in automobiles. Many catalytic converters 
(specifically, those known as three-way converters) are made using rhodium. Rhodium is 
a rare transition metal and approximately 81.5% of worldwide use of rhodium is for the 
production of catalytic converters (Hasani, 2017). 
Here we focus upon the oxidation of carbon monoxide, which is a reaction that is 
of extreme importance. When carbonaceous materials undergo incomplete combustion, 
carbon monoxide is produced and released, making it one of the most abundant pollutants 
in the lower environment (Hanley, 2018). There are approximately 40,000 cases of CO 
poisoning each year in the United States, including many fatalities. Therefore, the goal of 
reducing the amount of toxic carbon monoxide from industrial and automobile exhausts 
has stimulated a lot of previous research activity (Chen, 2007). Due to the relative 
simplicity of the oxidation process at low temperatures and the inefficiency of catalytic 
converters at low temperatures, a lot of work has gone into studying this process under 
this condition. 
In our work, we specifically focused on obtaining a better theoretical 
understanding of the low-temperature mechanism previously proposed by Cudia et al. for 
the adsorption and oxidation of carbon monoxide on the surface of a Rh(l 10) lattice at 
160 K (Cudia, 2001). Many researchers have attempted to determine rate equations from 
the analysis of how absorption processes occur. In order to do this, a complete 
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understanding of the steps that occur must be obtained. A common barrier to reaching 
this goal is the lack of understanding of the intermediate steps involved in the adsorption 
and reaction process. Another obstacle is the presence of processes that appear to happen 
simultaneously, clouding our understanding of the overall processes. Therefore, studies 
must be conducted at the molecular level to understand the effects of different variables 
on the observed results. 
Earlier attempts to understand the oxidation of CO at the molecular level were 
done by looking at oxygen surface structures on Rh (110). Comelli observed that the 
oxygen surface structures on Rh (110) differed when oxygen coverage and surface 
temperature are varied. Increased surface temperature showed correlation with a 
decreased layer of oxygen coverage (Comelli, 1992). Bowker compared the rates of 
CO oxidation on Rh(l 10) and Rh(l 00) structures. It was observed that increasing the 
temperature causes CO to desorb from the metal surface and it is replaced with 
oxygen on both structures. However, the rates were observed to be faster on the 
Rh(l 10) due to the increase in temperature and the more openness of the structure 
(Bowker, 1992). This study significantly advanced progress in understanding the 
general, mechanistic trends of the oxidation of CO. 
Using low-energy electron diffraction (LEED), the formation and reduction of 
oxygen with hydrogen on Rh(l l 0) was studied. Results showed that it is possible to 
study the two states of a clean Rh( 110) surface: unreconstructed and reconstructed 
phases. Most importantly, this study concluded that the structure of a Rhodium(l 10) 
surface will change when oxygen is absorbed onto the surface. It confirmed the 
creation of terraces, or missing row reconstructions, when O is adsorbed (Dhanak, 
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1992). This study helped advance our understanding of the physical structure of the 
Rh(l 10) lattice. 
Under similar LEED and XPS experiments, Dhanak et al. studied the 
adsorption of CO on (1 xl) unreconstructed and (1 x 2) reconstructed Rh(l 10). This 
study concluded that CO adsorption, on both surfaces, has two configurations in 
which binding occurs. Both are characterized by Ols binding energies at 530.8 and 
531.9 e V. This means that when terraces are present, CO can bind on top of the Rh 
atoms, as well as in the A (edge) and B (bridging) sites. The latter only occurred at 
higher CO coverages, in the absence of terraces (Dhanak, 1993). This study shed light 
on the mechanistic importance of terraces in the oxidation of CO. 
However, further studies were conducted to better understand the details of 
reconstruction. Leibsle et al. studied the reaction mechanism for the oxidation of CO on 
Rh(l 10) which was pre-covered with oxygen. Results showed that high-absorption sites 
initiate the reaction. Following this, the CO removes clusters of oxygen atoms on the 
surface in the 110 direction. Additionally, surface reconstruction occurs on Rh(l 10) when 
0 atoms are adsorbed. Terraces with widths 1-5 are created. At higher temperatures, there 
are few Rh atoms available for CO adsorption (mostly on steps at the end of the terraces). 
Thus, the O atoms are sequentially removed since each removal opens up a Rh atom for a 
CO to adsorb and remove the adjacent O atom (Leibsle, 1993). 
By this point, oxygen removal was understood, however, the reactivity and 
bonding needed to be studied. Baraldi et al. looked at the differences in oxygen 
reactivity of the (2xI)p2mg oxygen layer on (1 x})-Rh(l 10) and c(2 x 8) oxygen layer 
on (1 x 4)-Rh(l 10). It was concluded that the I x 4 reconstruction allowed more 
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adsorption sites to be created which make oxygen less reactive and more strongly 
bonded. Effectively, they observed that the surface was more likely to reconstruct at 
higher temperatures, creating terraces of widths 1 to 4. They observed that at low 
temperatures, only the oxygens in the interior troughs (valleys, or what we call B 
sites) would react with the CO. At higher temperatures, the oxygens on the edges of 
the terraces (which we will call A sites) would also react. This is in agreement with 
the mechanism we are using, as described later in this thesis (Baraldi, 1997}. 
An increase in temperature had previously been shown to alter the mechanism 
of the oxidation of CO overall. Wintterlin et al. studied the atomic processes 
underlying the oxidation of CO at different temperatures on a platinum (111} surface. 
Greater understanding of the processes led to fonnulating a rate law that takes into 
account the distribution of reactants of these processes. In particular, the CO2 
fonnation reaction occurs between absorbed O atoms and CO molecules; there is CO 
mobility on the surface; there is an activation energy for the reaction; and the reaction 
occurred at the perimeter of O islands, which indicates a need for adjacent O atoms 
bound to the surface in order for the reaction to proceed (Wintterlin, 1997}. Although 
this study was not conducted on Rh ( 110), it brought attention to the need for 
adjacent, non-reacting oxygens as a major factor in the occurrence of oxidation. 
Most relevantly to our study, Cudia et al. studied the oxidation of carbon 
monoxide to carbon dioxide on Rh(l 10) and postulated that it followed a completely 
different mechanism at low and high temperatures. This study involved scanning 
tunneling microscopy measurements and density functional theory calculations 
(Cudia, 2001). A detailed mechanism was presented with specific focus on the effect 
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of adjacent oxygen atoms. Our study was based on the great advancements in 
mechanistic detail that were concluded from this study. 
Bowker et al. looked at the CO-NO reaction on Rh(l 10) under different 
pressure and temperature conditions. The CO-NO reaction was also compared to the 
CO-O2 reaction. Under steady-state conditions at a low pressure, it was observed that 
NO blocks CO adsorption, whereas in the CO-O2 reaction, the CO is able to be 
adsorbed and subsequently react. Studying the reactions over a wide temperature 
range showed that the CO-NO reaction is slower than the CO-O2 reaction. Molecular 
NO and atomic N were seen to cause an additional blockages on the surface, causing 
the reaction to slow (Bowker, 1995). The variation of mechanism with temperature 
and the blockages on the surface, both observed in Bowker's study, are two aspects 
that were incorporated into the methods of our study. 
The rearrangement of the surface during catalytic activity was studied for Rh 
(110) by Nguyen et al. The findings of this study increased the understanding how 
dependent surface structure is on catalytic activity and why this is the case. The 
missing row structure (i.e., the formation of terraces) was observed as an effect of the 
02 and CO dosing. Missing rows were observed after 02 dosing of the surface, but 
CO dosing produced a consistent lxl structure. It was also shown that CO dosing 
titrates the O from the 2x 1 structure. CO absorbed on the surface was shown to 
facilitate the movement of atoms from filled to empty rows, while the presence of 0 
on the surface inhibited the transition (2xl to lxl). However, a steady state oxidation 
was observed when dosing of CO and 02 were simultaneous (Nguyen, 2016). 
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Most recently, Zhdanov et al. compared the effect of low and high 
temperatures on N2O-CO reaction rates on Rh (110). It led to the proposal of a kinetic 
model that depended upon surface-oxide formation. A positive correlation was 
observed between temperature and reaction rate when CO2 was in excess. At high 
temperature (>520 K), reaction rates decreased in N2O excess, whereas at low 
temperatures (<520 K), the reaction rate did not correlate (Zhdanov, 2018). 
Our study was conducted to further understand the absorption and reaction of 
oxygen and carbon monoxide on a terrace (lattice) of the width of three and height of 
10000 at low temperature. Specifically, our study looked at the effect of changing the 
activation energy on the coverages of the species on the surface. This was done by 
observing how varying the rate constants and the mobility, for different activation 
energies, changed the amount of CO and how it is distributed on the surface. 
On such a lattice, it is crucial to understand how the presence or absence of 
certain possible steps in the mechanism affect the overall absorption and reaction 
process. 
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2. Reaction Mechanism 
Experimentally, the surface was initially exposed to oxygen gas. This resulted in 
oxygen atoms occupying all of the "B" sites and dark-colored "A" sites in Figure I. The 
"A" and "B" sites consist of areas where two Rh atoms in the upper layer (white) and one 
Rh atom in the middle layer (light blue) meet. Since it is only possible for oxygen atoms 
to occupy half of these sites in any given column, the initial coverage of oxygen is taken 
to be 0.50 for those in the "A" sites, OA, and those in the "B" sites, OBI and OB2, where 
OB I are oxygens adjacent to column 1 and OB2 are oxygen adjacent to column 2. 
1 2 1 
Figure 1. A terrace of width 3, showing sites where CO and O may adsorb. 
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There are three columns that the carbon monoxide can land on; what occurs 
depends on which sites are filled or vacant. The exact events that can occur depend upon 
the specifics of the mechanism. Cudia (2001) used DFT calculations to determine the 
arrangements that had the lowest activation energies and would most readily occur at low 
temperatures. These are the events we will consider in our mechanism. 
When a CO lands on the surface, one of three possible things can happen. It can 
irreversibly bond to the surface if there is a suitable adjacent empty site that it can fill 
(which are either the light-colored (shaded) "A" sites or a "B" sites that has been vacated 
by an oxygen atom); it can react with an oxygen atom on the surface to produce a CO2 
molecule which leaves (desorbs from) the surface site; or it will desorb from the surface 
without any process occurring. Which of these occurs depends upon the environment of 
the Rh atom on which it lands. It has been found that the CO molecules preferentially 
land on the top (white) layer of Rh atoms. One such CO molecule is shown in Figure 1. 
If CO lands in column 1 ( either column on the edges of the terrace), it may be 
able to bind to the surface in either an "A" or a "B" site. There must be an oxygen present 
in three adjacent sites in order for a COA (filling a shaded "A" site) to be formed; these 
sites are the two dark-colored "A" sites immediately above and below the shaded "A" site 
and the "Bl" site on the opposite side of the Rh atom from the "A" site. See Figure 1. 
The rate constant that represents this reaction is Kl . In order to fill a CO in a "B" site, a 
CO must land on a rhodium atom that is adjacent to a "B" site where the oxygen has been 
removed. "B" sites adjacent to column 1 (2) are called "Bl" ("B2") sites. There are no 
additional requirements for a COB to form. The rate constant that represents this reaction 
is K2. In order to remove an O atom from a "B" site (and form CO2), a CO must land on 
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a rhodium atom where the two immediately-adjacent sites both contain an 0, and one of 
the "B" sites that is diagonal from the rhodium atom has an oxygen atom present. It is 
this latter oxygen atom that actually reacts with the CO and is removed from the surface. 
This is shown in Figure 1. The rate constant that represents this reaction is K.3. 
If a CO lands on a Rh atom and the surrounding arrangement of"A" and "B" sites 
is such that none of the possible events may occur then either the CO will move to an 
adjacent Rh atom or it will desorb from the surface. The amount of mobility that the CO 
atoms have on the surface is specified by a variable that we call stepmax. Stepmax is 
equal to the total number of Rh atoms that a CO molecule will occupy before it desorbs 
from the surface. The smallest value of stepmax is when it equals 1. If stepmax= 1, then 
the CO will land on a Rh atom and if an event cannot occur, it will immediately desorb 
from the surface. If stepmax is greater than I, then the CO molecule will randomly move 
up or down the column of Rh atoms, searching for a site where an event can occur. If no 
event occurs after it has occupied "stepmax" number of sites, then the CO will desorb. 
There is one constraint upon the movement of the CO molecule. It is not possible 
for two CO molecules to both be bound to the same Rh atom. So, if a COA or COB 
exists, which is adjacent to a Rh atom, it is not possible for a CO to land on that site or to 
move to that site from an adjacent Rh atom. As we will see later, this constraint plays an 
important role in determining how changing stepmax affects the results that are obtained. 
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3. Methods 
A computer simulation program was developed and utilized in order to better 
understand the CO adsorption and oxidation process. As stated above, the process was 
studied on a terrace of width 3. The number of trials conducted was set at 75, for each set 
of reaction conditions, in order to have consistency across all runs. In each trial, all of the 
dark-colored A and B sites were initially populated with oxygen atoms. The random 
number generator then randomly placed CO molecules on the Rh sites of the lattice (the 
large white circles in the columns labeled 1, 2, and 1 in Figure 1 ). These CO molecules 
could then either react with the oxygen atoms or adsorb onto specific vacant sites. 
The relative rates of these processes (as specified by rate constants Kl, K.2, and 
K3) could be varied. Other variables were also altered to understand the process better. 
One of them, stepmax, affected the mobility of the CO molecules on the Rh sites. 
Increasing stepmax, increased the number of steps that are taken up or down the lattice 
column looking for a site where a reaction may occur. The stepmax values that were used 
were 1, 10, and 20. In addition, the variable maxrate was used in order to specify the 
probability of a certain process occurring. Effectively, maxrate varied the activation 
energy for the various processes. The probability of an event occurring was set equal to 
the rate constant for that event divided by the larger of ( 1) maxrate, or (2) the sum of the 
rate constants for all possible events that were possible for that particular CO molecule. 
The total time that the process was given to run was specified by the variable 
tmax. One time unit corresponded to landing a single CO molecule on a Rh site. The 
value of tmax was chosen to minimize the computer time needed to run the simulation, 
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while ensuring that the process went to completion (saturation), when no additional 
reactions were possible on the surface. 
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4. Results/Discussion 
Of primary interest were the results at the end of the process, when no further 
events were possible on the surface. The coverages of the different species at this time are 
referred to as the saturation coverages. The value oftmax was adjusted (between 150,000 
and 1,500,000) to ensure that the saturation coverages had been reached. Larger values 
were typically necessary when maxrate was large, since this decreases the probability that 
events will occur and increases the chance CO molecules will desorb without reacting. 
Figure 2 shows a typical plot of coverage vs. time. 75 trials were run on a 3 x 
10,000 site terrace, setting stepmax and maxrate both equal to one, Kl=K3=1 and K.2=0. 
COA is observed to increase from O and OBJ and 0B2 decrease from 0.5 as time 
proceeds. In this case, you can see that saturation (final) coverages are obtained after 
approximately 80,000 time units. 
0.4 r • CO·A • l • 0-81 •• • • • • • • • • • 
0.3 •• • • • • .+ • • • • 0-82 
l. 8, • f! 0.2 .. -u F. > • • • • • • • 
0 
_J 0.1 ---
0 
0 50000 100000 150000 200000 
Time 
Figure 2: Coverage of COA/OB1/0B2 vs. Time. As time increases, a decrease in OB 1 
and 0B2 is observed, while COA increases. 
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4.1 Verification of Earlier Results Providing Insight into the Model and Mechanism 
Another member of our research group, Maira Shoukat, had previously 
considered the width=3 case and obtained a nwnber of useful results. In particular, she 
found that the results were independent of the height of the lattice or the nwnber of trials 
performed, although increasing either of these variables will reduce the standard 
deviation in the results obtained (Shoukat, 2018). We began our study by replicating 
some of the simulations that she had performed, varying the rate constants and stepmax, 
for the case where maxrate is equal to one, to verify their accuracy and to become 
familiar with the model. 
When maxrate equals one, if it is possible for an event to occur, it will occur. 
However, if there are competing possible events, the probability of an event occurring is 
proportional to its rate constant. This speeds up the simulation program and simplifies the 
analysis of the results. Consequently, it is easiest to understand the model by first 
considering this case. 
The results presented in this subsection ( 4.1 )  are consistent with those found 
earlier. The analysis of these results, described below, while done independently, were 
very significantly guided by this earlier analysis and are consistent with the earlier 
findings (Shoukat, 2018). Their inclusion is primarily beneficial to the interpretation and 
understanding of our new results where we consider cases where maxrate is greater than 
one, in subsection 4.2, and we analyze the newly-obtained results describing the 
distribution of the bound CO molecules on the surface, in subsection 4.3. 
1 3  
4.1.1 K1IK3=variable, K.2=0, stepmax=l ,  max.rate=} 
We begin with the case where the CO molecules had no mobility (stepmax=l ), so 
that if the CO could not react at the site where it landed, it will immediately desorb from 
the surface, and K.2=0, so CO molecules do not adsorb onto any vacant B sites. When 
both stepmax and max.rate are I and K2 is zero, the saturation values of COA and OB I 
decreased as Kl  was increased relative to K3; while the saturation coverage of OB2 
increased (Figures 3-5). When a CO lands in column 1, more than one type of event may 
be possible. The CO might be able to fill an empty "A" site or it might be able to react 
with, and remove, an OB2. Since, when max.rate= I, if an event is possible, then an event 
will occur, the actual values of Kl and K3 don't matter (as long as they are equal to, or 
greater than I) and it is only their relative magnitudes that matter. Additionally, we 
observed that the magnitude of the change in the results quickly decreased as we changed 
the rate constants. Therefore, in the figures, we graph log(Kl/K.3) on the x-axis. 
0.4 • • • 
0.3 • 
r- 0.2 
0.1 
0 • 
-4 -2 0 2 4 
Log (K1 /K3) 
Figure 3: The Saturation Value of 0B1 vs. Log (Kl/K3). A decrease in OBI as Kl/K.3 
increases was observed. 
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When Kl is much larger than K3, a CO that lands in column 1 is much more 
likely to fonn a COA than to react with an 0B2 (to produce a CO2 molecule that will 
desorb from the surface leaving a B2 site vacant). Leaving all of the B2 sites filled with 
oxygens, a CO landing on a Rh atom in column 2 will always be able to react with an 
oxygen in a B 1 site (since there are oxygens in both adjacent B2 sites), forming a CO2, 
and leaving the B 1 site vacant. Hence, when Kl>>K3, the amount of OB 1 will be small 
and 0B2 will be large at saturation (as observed in Figures 3 and 4). 
0.6 
• • • • 
0.4 
0.2 • • • • 
-4 -2 0 2 4 
Log (K1/K3) 
Figure 4: The Saturation Value of 082 vs. Log (Kl/KJ). An increase in 0B2 as Kl 
increases was observed. 
However, as Kl is decreased (moving to the left on Figures 3-5), CO that land in 
column I have a smaller probability offonning COA (with rate constant Kl)  and a 
greater probability of reacting with an 0B2 (with rate constant K3). Hence, the coverage 
of 0B2 decreases, as observed in Figure 4. Since 0B2 are necessary for the CO to react 
with OBI (when the CO lands in column 2), reducing the amount of0B2 present causes 
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a decrease in the number of OB 1 that react and so the coverage of OB 1 will remain 
higher. This is consistent with what is observed in Figure 3. 
0.4 
0.375 • • 
0.35 
0.325 
• • • 
0.3 
·2 0 2 4 
Log (Kl /K3) 
Figure 5: The Saturation Value of COA vs. Log (Kl/K3). A decrease in COA 
coverage as K 1 increases was observed when stepmax is 1. 
Looking at time-dependent graphs clearly shows how the drastic decrease in 0B 2 
(a lot of 0B 2 reacting with CO that lands in column 1) results in only a very slight 
decrease in OB 1 .  This is because when very little OB 2 is present, CO that land in column 
2 will not be able to react with the OB I (since they can only react if the Rh atom they 
landed on is adjacent to two 0B 2 (Figure 6). 
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0.4 • • CO-A • • 
• 
• • • • • • • • • • 0-B1 I • • • • • • • • • 
0.3 • 0-B2 
� •• 
0.2 � > • 
0.1 • • • • • • • • • • f 
0 
• 
0 50000 1 00000 1 50000 200000 
time 
Figure 6: The Coverage of COA/OBl/O82 vs. Time for K3=100, Kl=l . As time 
increases, there is an increase in COA, a large decrease in 082, and a decrease in OB I .  
In Figure 5, we see a decrease in COA as Kl increases, under the same reaction 
conditions. As noted above, as Kl increases, the saturation coverage of OB 1 decreases. 
When CO lands, a COA can only be formed if there are three adjacent oxygens present 
(the A site above, the A site below, and the adjacent B l  site). Thus, reducing the amount 
of OB I causes the amount of COA formed to also decrease, as seen in Figure 5. This 
result is particularly interesting as it is counter-intuitive. Increasing the rate constant for 
the formation of COA actually results in a decrease in the saturation coverage of COA . 
4.1.2 Kl/K.3=variable, K2=0, stepmax=IO, maxrate=l 
When stepmax is increased, the CO molecules can move up and down in the 
columns in order to find a site where they can react. However, the formation of COA 
causes mobility limitations to be present in column I, but not in column 2. When runs 
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similar to those discussed above (K2=0, maxrate"-' 1, and Kl  /K.3 variable) were performed 
with stepmax equal to 1 0, it was observed that OBI had a smaller saturation coverage (cf. 
Figure 7 vs. Figure 3) and 082 had a larger saturation coverage (cf. Figure 8 vs. Figure 
4) than they did when stepmax=-1 .  
0.3 • • • 
0.2 
0.1 
0 
• 
-4 ·2 0 2 4 
Log (K1/K3) 
Figure 7: The Saturation Coverage of 0B1 vs. Log (Kl/K3) for stepmax=lO. The 
values were observed to be slightly smaller for stepmax=I0 than for stepmax=l .  
0.6 
• • • • 
0.4 
0.2 • • • • 
-4 -2 0 2 4 
Log (K1 /K3) 
Figure 8: The Saturation Coverage of 0B2 vs. Log (Kl/K3) for stepmax=lO. The 
values were observed to be slightly larger for stepmax=I 0  than for stepmaxi:::.1. 
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As noted above, the explanation for this lies in the difference in mobility of the 
CO adsorbates when they land in column I vs. 2. Because the fonnation of COA limits 
the mobility of the CO molecules that land in column I ,  increasing stepmax most 
significantly increases the movement of the CO when they land in colwnn 2. This makes 
it more likely that the adsorbed CO in column 2 will find a site where it will be able to 
react with, and remove, an OBI. Hence, the smaller OBI saturation coverages when 
stepmax=I0 (Figure 7) than when stepmax=l (Figure 3). 
Since the OB 1 are removed more quickly, when stepmax is increased, and they 
are required to remove OB2 when a CO lands in column I ,  there are fewer OB2 removed. 
So, the saturation coverage of OB2 is higher when stepmax=IO (Figure 8) than when 
stepmax=l (Figure 4). Additionally, a decrease in the amount of OBI allows less COA to 
fonn. This is because oxygen must be present in site BI to fonn a COA ( cf. Figure 9 vs. 
Figure 5). However, when K l  is sufficiently large, the COA fonns so rapidly that the 
decrease in COA saturation coverage due to increased mobility becomes negligible. So, 
ultimately, increasing stepmax is advantageous for the CO reaction with OBI, resulting 
in higher coverages of OB2, but lower coverages of OBI and COA. 
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Figure 9: The Saturation Value of COA vs. Log (Kl/K3) for stepmax=lO. The values 
were smaller for stepmax= l 0  than for stepmax= I ,  particularly when KI is small. 
4.1.3 KI/K3=variable, K.2=1, stepmax=I or 10, maxrate=I 
All of the above trials were repeated with K2 set equal to one. When stepmax:::I, 
there is no change in the COA, OB I, or OB2 saturation coverages. This is because K2 
(the rate constant for filling a vacant OB site with a CO) is only relevant when one of the 
B sites adjacent to the adsorbed CO is empty. Kl  and K.3 apply to events where there are 
no empty adjacent B sites. Further, whether a B site is vacant or filled with a COB has no 
effect upon the mechanism, as long as stepmax= 1. 
However, when stepmax is increased, the nonzero value of K2 does have an 
influence on the results. Now the fonnation of COB2 inhibits the mobility of the CO 
molecules when they land in column 2. Hence, the CO adsorbates have similar mobilities 
in columns 1 and 2 and the saturation coverages of OBI, OB2, and COA are very similar 
to the results obtained when K2 was zero and stepmax was I, regardless of the Kl /K.3 
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ration. This allows us to conclude that allowing COB to fonn causes column 2 to have 
the same mobility limitations as column 1 and negates the advantage that reactions in 
column 2 had when stepmax was increased. 
4. 2 Results for Processes when Maxrate is Greater Than One 
The value ofmaxrate is related to the activation energy. The probability of a 
reaction happening (given the proper configuration of CO, oxygen atoms, and/or vacant 
· ) · al th (p b b .1 . ,r rate constant) sites ts equ to e rate constant over maxrate ro a 1 zty OJ event = maxrate 
Therefore, the effect of increasing maxrate depends on the values of the rate constants. 
Recall that the mechanism we are modelling was proposed to explain the CO 
oxidation process at very low temperatures. A t  these temperatures, it is highly likely that 
not all molecules will have the required activation energy for reaction to occur. Hence, 
higher values of maxrate are more likely to correspond to the actual reaction conditions. 
Additionally, we note that as maxrate increases, and the probabilities of the 
reactions occurring decrease, it will take a longer time for the results to reach their final 
(saturation) values. If a molecule is unable to react, it will desorb. Since each time unit 
corresponds to landing a CO molecule on the surface, it will require landing more CO 
molecules (more time) for the process to reach its final state. Therefore, we have adjusted 
tmax upward, as necessary, to ensure that we have reached the final state. We have 
verified this in two different ways. (1 ) We monitor the output at different time values and 
wait for the coverages to stop changing. (2) For cases where K2 is nonzero, at the end of 
the process either the "A" site or the "B I" site adjacent to Rh atoms in column 1 will be 
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filled by a CO. Hence, the sum of the coverages of COA and COB l must sum to 0.5 at 
the end of the process. 
4.2. l  Kl>K3, K2=0, stepmax=lO, maxrate=variable 
To further understand the reactions that occur on a width 3 lattice, the maxrate 
variable was varied using values of 2, 5, 10, 20, 30. When Kl was increased to 100 
(while KJ=l  and stepmax=lO), 081 and 082 values stayed roughly constant while COA 
increased (Figure 10). 
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Figure 10: Saturation Coverage of COA/0Bl/OB2 vs. Maxrate for Kl=lOO. 
Increasing maxrate did not affect the OB 1 and 082 coverages, but COA increased. 
When K 1 is 100 and K3 is 1, the probability of an event occurring is much higher 
for the formation ofCOA (Kl process) than the reaction with 082 (K3 process) when a 
CO lands in column 1. This allows COA to quickly form in column 1, blocking CO from 
landing on these sites and reacting with an 082, meaning oxygens on the 82 sites were 
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not removed. However, if a CO landed in a column 2 site, there were always oxygen 
atoms in the adjacent B 2  sites, so it could react with an OB I, ultimately leaving a B l  site 
vacant. This explains why OB 1 always had a saturation coverage close to zero, and the 
coverage OB 2 stayed constant at approximately 0.5, regardless of the value of maxrate. 
In order to explain the trend for COA, it is helpful to look at the time dependent 
graphs, which we show for maxrate=2 (Figure 11) and maxrate=30 (Figure 12). Since Kl 
is greater than 30, increasing maxrate had no effect upon the rate of COA formation. 
However, increasing maxrate causes a decrease in the rate of reaction between the CO 
1 d. · l 2 d OBI ( · th b b 'l "  f rate constant an mg m co umn an smce e pro a z zty o event = ----, as maxrate 
described earlier). The slower rate of OB I removal can be clearly seen by comparing 
Figures 11 and 12. During this extra time, CO molecules landing in column 1 can both 
(1) find more places to bind as COA; and (2) find a location where they will react with 
082, ultimately removing slightly more OB 2 (causing a slight decrease in its saturation 
coverage). This decrease in OB 2 means slightly fewer OB 1 will be removed and the 
coverage ofOB l is going to slightly increase at saturation. This was consistent with the 
data obtained. 
23 
0.6 • CO-Al 
• O-B1 
0.48 • • • • • • • 
• O-B2 
& 
0.36 
f! • • • • 
0.24 
I 
0.12 
250000 500000 750000 1000000 
time 
Figure 11 : The Coverages of COA/OB1/OB2 vs. Time when maxrate=2. OB I 
decreased very rapidly, OB2 was roughly constant, while COA increased to around 0.3 1 . 
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Figure 12: The Coverages ofCOA/OB1/OB2 vs. Time when maxrate=30. OBI 
decreased rapidly, OB2 was roughly constant, while COA increased to about 0.40. 
Similar results were obtained when Kl=IO, as to when Kl=I O0 (cf. Figures 13 
and 10). However, when Kl=l0 the probability of forming a COA is decreased from 
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100/101 to 10/11 when a CO lands in column 1. This makes it more likely that a CO 
landing in column 1 will react with, and remove, an 082. Therefore, we expect to see the 
082 coverage decrease. Less 082 means a decrease in the rate that OB 1 is removed, so 
we expect to see an increase in the OB 1 coverage. These predictions are consistent with 
the results observed in Figures 13 and 10. 
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Figure 13: Saturation Coverage of COA/OB1/OB2 vs. Maxrate for Kl=l0. 
Increasing maxrate increased the coverages of COA and OB 1, but 082 decreased. 
The decrease in the saturation coverage ofO82 and the increase in OB1, as 
maxrate increases, is much more noticeable in Figure 13 (for Kl=lO) than in Figure 10 
(for Kl=lOO). This makes sense since the smaller value of Kl means that the relative rate 
of OB 2 removal will increase more as maxrate is increased. And, as previously 
explained, increased 082 removal leads to an increase in the coverage of OB 1. 
25 
4. 2. 2 K3>Kl, K2=0, stepmax= lO, maxrate=variable 
When increasing the K3 values to IO (and Kl=l ), a similar trend was observed 
when maxrate was increased. Both the saturation coverages ofCOA and OB I increased 
and the saturation coverage of OB 2 decreased (Figure 1 4). 
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Figure 14: Saturation Coverage of COA/081/082 vs. Maxrate for K3=10. 
Increasing maxrate increased the saturation coverages of COA and OB 1 ,  while OB 2 
initially decreased, but then slightly increased for larger values of maxrate. 
A larger value of K3 means that when a CO lands in column I ,  it is more likely to 
react with, and remove, an OB 2. Hence, we see lower OB 2 saturation coverages in Figure 
14 than we did in Figure 13 (when Kl=IO and K3=1). The removal ofOB 2 will slow 
down the rate at which OB I is removed and so we also see a higher saturation coverage 
of OB I than when Kl= l 0. 
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When looking at the time-dependent graphs (Figures 15 and 16), it was observed 
that as maxrate was increased from 2 to 10, the relative rate at which 0B 2 was removed 
increased relative to the removal of OB 1. 
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Figure 15: The Coverages of COA/OB1/OB2 vs. Time when maxrate=2 for K3=10 . 
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Figure 16: The Coverages of COA/OB1/OB2 vs. Time when maxrate=l0 for K3=10. 
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Recall that Kl and K3 can only be in competition when the CO lands in column 
1. When Kl= l  and K3=10, and they compete, the probability ofCOA fonnation is l/11 
and the probability of OB 2 removal is 10/11 for both maxrate=2 and maxrate= I 0. If the 
CO lands in column 2, any possible event (removing an OB I )  will occur since K3 is as 
large as maxrate (whether maxrate is 2 or 10). However, if the CO lands in column 1 and 
the only possible event is to fill a COA, then the probability of this occurring is 
1/maxrate, which decreases as maxrate increases. So, as maxrate increases, the rate of 
COA fonnation slows down (as seen in Figures 15 and 16).  Given that stepmax=IO, if the 
CO fails to fonn a COA it will move to an adjacent Rh site where is may be able to react 
and remove an OB 2. Hence, an increase in maxrate results in a decrease in the saturation 
coverage of OB 2. Consequently, there will be an increase in the OB 1 saturation coverage. 
The slower removal of OB 1 will allow more time for COA to fonn and leads to it having 
a higher saturation coverage. This is all consistent with the results in Figures 15 and 16. 
So, for smaller maxrate, we see that the COA coverage initially increases more rapidly, 
but stops increasing at an earlier time, resulting in a lower saturation coverage. 
When maxrate is increased to 30, the results become very interesting. As seen in 
Figure 14, the saturation coverages of COA and OB I both slightly increase and the 
saturation coverage of 0B 2 also increases relative to their values when maxrate= 10. The 
time-dependent coverage plot for maxrate=30 is shown in Figure 17. 
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Figure 17: The Coverages of COA/0B1/0B2 vs. Time when maxrate=30 for K3=10. 
Comparing Figures 16 and 1 7, it appears that the amounts of OBI and OB2 both 
decrease with time at a slightly slower rate when maxrate=30 than when maxrate=l0, but 
the rate of formation of CO is slowed down even more. It makes sense that all of the 
processes are slower as max.rate increases to 30 since the effective rate constants become 
Kl = 1/30 and KJ;.J0/30. Since stepmax=IO, early in the process, it is highly likely that a 
CO will be able to find a Rh site from which it can react with, and remove, an oxygen 
atom. So, it is not surprising the rates of decrease of the OB 1 and OB2 coverages are only 
slowed down a little at the beginning. 
However, as more-and-more of the oxygen atoms get removed, it becomes more 
likely that no CO2-forming reaction will occur when a CO lands in column 1 than when 
one lands in column 2. When a CO lands in column I ,  there is only one OB2 that can be 
removed from any given Rh site. So, when stepmax= l 0, there are 10 potential OB2 that 
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could be removed. As more-and-more OB I and OB 2 are removed, it becomes more 
difficult to find a Rh site with the correct configuration of oxygen atoms and, even if one 
is found, the probability of reaction is only 10/30. On the other hand, when a CO lands in 
column 2, there are 20 potential OBI that can be removed when stepmax=l O  (see Figure 
1 ). Consequently, the chance of a CO landing in column 1 and not finding a site where it 
can react is greater than when the CO lands in column 2. This will result in a decrease in 
the rate in which OB 2 are removed. 
But, as maxrate increases, the effective rate constant for COA formation becomes 
very small. This is consistent with the very slow rate of COA formation observed in 
Figure 17. As described above, if COA forms slowly, then the CO that land in column 1 
are more likely to remove OB 2 and its coverage should decrease as maxrate increases. 
So, there are competing effects driving the OB 2 coverage as maxrate increases. 
Our results indicate that the inefficiency in OB 2 removal due to maxrate increasing 
becomes more important than the slower rate of COA formation at the point when 
maxrate is roughly double the value of K3 (or larger). This needs further future study. 
Similar results are obtained when K3= I 00 (Figure 18). As maxrate increases, the 
saturation coverages of COA and OB 1 increase and 082 decreases. This is exactly what 
we observed in Figure 14 when maxrate increased (for smaller values of maxrate ). We do 
not see the saturation coverage ofOB 2 start to increase as maxrate increases when 
K3=100 (since we do not increase maxrate to where it is double K3). It may be that this 
would be observed if maxrate was increased to 200 or 300. This would require extensive 
computer time, but could be accomplished and, again, would be appropriate for further 
study. 
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Figure 18: Saturation Coverage of COA/OB1/OB2 vs. Maxrate for K3=100. 
Increasing maxrate increased the saturation coverages ofCOA and OB 1, while OB 2 
decreased. 
4.2.3 KJ=Kl=l ,  K2=0, stepmax=variable, maxrate� 30 
Further runs were conducted to understand the effects of increasing stepmax in 
relation to the coverage of COA, OB1 and OB 2 when maxrate:; 30. The time-dependent 
results are shown in Figures 19 and 20. It was observed that increasing stepmax 
(mobility), caused a decrease in the coverages of COA and OB I and an increase in OB 2. 
These are consistent with the results obtained when maxrate was 1 (see section 4.1.2). 
We expect that the rationale is the same. We also note that increasing stepmax results in 
the process completing in a shorter time ( cf. Figures 19 and 20), which makes sense since 
each CO spends longer on the surface and has more opportunities to react. 
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Figure 19: Coverage vs. Time when stepmax is 10 (maxrate is 30, Kl=K3=1) . 
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Figure 20: Coverage vs. Time when stepmax is 20 (maxrate is 30, Kl=K3=1). When 
maxrate is 30, increasing stepmax caused a decrease in the coverage of 0B2 and an 
increase in OB 1 .  
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It is interesting to note that the trends in the saturation coverage as stepmax 
increases are the opposite of the trends observed when maxrate was increased. 
Consequently, when both maxrate and stepmax are increased, the effects roughly cancel 
out. Comparing the results from Figure 20 with those shown in Figure 21, one can see 
that the saturation coverages obtained when stepmax:=20 and maxrate=30 are 
approximately equal to those obtained when stepmax=maxrate=I 0  .
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Figure 21: Saturation Coverage vs. Maxrate when stepmax is 10 (Kl=K3=1, K2=0). 
Increasing max.rate caused a decrease in OB 2 and an increase in COA and OB 1 .  
4. 3 Results for the Distribution of CO Molecules on the Surface at Saturation 
Finally, we also provide infonnation about the distribution of the COA and COB 
molecules that have bound to the surface. In particular, we have obtained the number of 
chains of consecutively CO-occupied sites of varying lengths. We varied the rate 
constants (Kl, K2, and K3) by choosing one to be 100 and the other two to be 1. Initially, 
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we considered the case where stepmax=l and maxrate= 30 and observed the distributions 
of CO chain lengths (Figures 22-24) in each type of site (A, B l ,  and 82), in the valleys 
between the columns of Rh atoms (V 1 is the string of consecutive B 1 and 82  sites 
between columns 1 and 2), and in the sites along the central column of Rh atoms (R 2 is 
the string of 82  sites on both sides of the Rh atoms in column 2). 
When maxrate was large (=30), large values of Kl (=100) caused the COA 
coverage to approach 0.5 and we observed that very long COA chains form (Figure 22). 
This shows that almost no 082 is removed (so COB 2 cannot form) and almost no COB I 
can form. However, keeping maxrate high (= 30), a high value of either K2 or K3 (=100) 
caused less COA to form and the chain length distributions were quite similar (Figures 23 
and 24). 
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Figure 22: Number of Chains vs. Chain Length when Kl=lOO, K2=K3=1, 
maxrate=30, and stepmax=l. A high saturation coverage of COA resulted in small 
numbers of short chains, but a nonzero number of long and very long chains of COA. 
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Figure 23: Number of Chains vs. Chain Length when K2=100, Kl=K3=1, 
maxrate=30, and stepmax=l. 
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Figure 24: Number of Chains vs. Chain Length when K3=100, Kl=K2=1, 
maxrate=30, and stepmax=l. 
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We repeated the runs while varying the three rate constants with stepmax=lO  and 
maxrate= 1. With these values of stepmax and maxrate, a similar distribution was 
observed for all variations of the rate constants. Again, more shorter chains and fewer 
longer chains were observed. However, when K l=I 00, the highest number of short 
chains was observed, with 492 chains oflength 1 ;  while when K2=100, there were 359 
chains of length 1; and when K 3= 1 00, there were 200 chains of length l (Figure 25). 
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Figure 25: Number of Chains of COA vs. Chain Length for stepmax=l0 and 
maxrate=l. 
This observation is consistent with the expectation that when K 1 is higher 
( compared to K3) it is more likely that a COA will form when a CO lands in column 1 
than that the CO will react with an 0B2 (to produce a CO2 molecule that will desorb 
from the surface leaving a B2 site vacant). So, a larger K l  will result in a higher coverage 
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of COA and, hence, longer chains of CO will form. This is not inconsistent with the 
observed COA saturation coverages shown in Figure 9. However, in Figure 25, we 
observe that the curves cross as the chain length increases, and we actually see more long 
chains when K.3= 100. So, the average length of a chain is larger when K3  is larger. This 
suggests that when Kl is large, the filling of the COA sites is more random, whereas 
when K 3  is larger, there is more clustering of COA . This may be because when K3 is 
large, CO that land in column I will remove OB 2 and once those OB 2 are removed, it 
reduces the chance of removing nearby OBI .  Hence, regions of OB I will survive and 
allow for COA to form in these regions. Further study should be undertaken to better 
understand this result. 
Observing the results for COB I chain lengths showed similar distributions to 
COA in which Kl=IOO had the highest number of short lengths, compared to K2=100 
and K3= I 00 (Figure 26). However, as chain length increases, the number of chains also 
decreased at similar rates for all variations in rate constants and no curve crossing was 
observed. This would imply that there is no increased clustering of the OB I that are 
removed (and subsequently filled with COB I )  when K3 is large. 
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Figure 26: Number of Chains ofCOBl vs. Chain Length when stepmax=l0 and 
maxrate=l. 
When Kl=IOO, very little OB2 gets removed, and so it is not surprising that few 
chains of COB2 form (Figure 27). However, when either K2 or K3 is large, we see curve 
crossing as the chain length of COB2 increases, just as we saw for COA. There are fewer 
chains of length 2 and more chains of longer length when K3=100 than when K2=100. 
Since the coverage of COB2 increases as the relative value of K3 increases, these results 
may be primarily a reflection of the saturation coverage of COB2 obtained given the 
specific choice of rate constants. 
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Figure 27: Number of Chains of C0B2 vs. Chain Length when stepmax=lO and 
maxrate=l. Very little COB2 fonned when Kl=IOO, as very little 0B2 was removed. 
To see if the chain length distribution is primarily a function of the saturation 
coverage, we constructed graphs of the average chain length vs. the saturation coverage 
of COA. We chose to look at COA since it usually had the longest average chain length. 
We included all of the data for different choices of rate constants, stepmax, and maxrate 
on the same plots (Figures 28 and 29). 
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Figure 28: Average Chain Length vs. the Saturation Coverage of COA. Grouped by 
different choices of rate constants. Different points within a set correspond to different 
choices of stepmax and maxrate. 
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Figure 29: Average Chain Length vs. the Saturation Coverage of COA. Grouped by 
different choices of stepmax and maxrate. Different points within a set correspond to 
different choices of rate constants. 
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We find that there is a strong correlation between the saturation coverage of COA 
and the average chain length, as we expected. However, there are some variations in the 
trend. In Figure 28 we can see that the average chain length tends to be smaller, for a 
given saturation coverage, when Kl-100 and it is larger when K3=100. In Figure 29 we 
see that the average chain length tends to be smaller than expected when maxrate is large, 
but it is a little larger than expected when stepmax is large. Understanding the reasons 
behind these observations would be a good area for future work. 
41 
5. Conclusions and Future Work 
We were able to verify earlier results which provide insight into the model and 
mechanism. As observed in previous studies, varying height and the number of trials 
performed did not affect the results. Increasing stepmax, maxrate, and rate constants did, 
however, cause changes in results. We found that the exact values of K l  and K.3 were not 
important, instead their values relative to each other is what mattered. When Kl  is 
significantly larger than K.3, COA are more likely to form and this allows oxygens to stay 
in the 82 sites. So, a CO landing on a Rh atom in column 2 will always be able to react 
with an oxygen in a B 1 site, forming a CO2, and leaving the B 1 site vacant. Less OB 1 
will cause less COA to be able to form since there is an adjacent oxygen missing. This 
results in a counterintuitive conclusion that as K l  increases, the saturation of COA 
decreases. This highlights the importance of looking at how a change in one variable can 
affect what happens in each column in a different way. If a reaction is more likely to 
occur, forming COA early in the process in this example, it may have an unexpected 
effect on the overall mechanism which is contrary to the expected effect, resulting in a 
lower saturation coverage of COA in this case. 
Regarding increasing stepmax (mobility), it was concluded that the presence of 
COA in column one will block the mobility of the CO molecules that land on the surface, 
which eliminates the effect of increasing stepmax in that column. However, since COA 
cannot be formed in column 2, it is concluded that increasing stepmax only significantly 
affects reactions in column 2, if K2=0. However, once K2 is a nonzero number, COB2 
forms causing column 2 to have the same limitations as column 1. This negates the 
advantage of increasing stepmax for column 2. 
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We also changed maxrate, which scales the rates of the processes as follows: 
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less likely a reaction will occur. When K l  =100, increasing maxrate caused an increase in 
the saturation coverage ofCOA, but those of OBl and OB2 stayed roughly constant 
(Figure 10). When K.3 is large, increasing maxrate led to an increase in the saturation 
coverages ofCOA and OBl ,  but a decrease in OB2. However, when K.3 is large and 
maxrate becomes too large (roughly double the value ofK.3), it was observed that 
increasing maxrate slows the rate of OB2 removal, so that its saturation coverage 
increases. Understanding the competition that is occurring here needs to be further 
studied to explain why this exactly occurs. Finally, it is important to note that the 
saturation coverage trends observed when increasing stepmax were the opposite of the 
trends for increasing maxrate. 
Regarding the chain-length distribution patterns, there was a clear trend between 
COA saturation coverages and chain length, although some deviations were observed. 
Shorter-than-expected chain lengths were observed when maxrate is large or Kl was 
large. However, unusually large average chain lengths were observed when stepmax was 
large or K.3 was large. The explanations for these observed pattern are not clear and 
should be studied in the future. Running additional trials which vary maxrate and the rate 
constants while using smaller time intervals to monitor the results may be one method 
that will allow us to better understand the effect that these variables have. Alternately, 
graphing OB 1 and OB2 vs. CO-coverage, as well as time, may allow us to see more 
clearly the ordering of the events that occur in the mechanism. It could also be helpful to 
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monitor the chain length distribution as a function of time to see if there are specific 
conditions where longer chains grow earlier or later in the process. 
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